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1. Introduction 
Fever is considered one of the many host defense strategies against injury or 
infection. It is most often associated with infectious diseases but can be caused by both 
microbial and non-microbial agents invading the body such as bacteria, fungi, viruses, or 
tissue injury. Although the term fever specifically defines a regulated increase in body 
temperature in response to infectious or inflammatory stimuli, the febrile response is a 
complex physiological response that involves changes in the neurologic, endocrine, and 
immune systems. 
The organization and interaction between these systems are not yet clearly 
defined nor completely understood. Research over the past decade, however, has 
provided valuable information from both human and animals regarding the role of fever. 
In addition to discussing the pathophysiology of fever, this paper addresses four 
protective mechanisms of fever and proposes the hypothesis that the principal role of 
fever is to enhance immunologic mechanisms. 
2. Fever and host defense 
2. I Local inflammatory response 
When a microbial pathogen invades the body, an array of acute and early 
reactions occurs as part of the body's innate immune response. These reactions are local 
and nonspecific and are considered the body's second line of defense against invading 
pathogens behind physical barriers. The overall effect of the innate immune response is 
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to induce inflammation at the site of infection in order to create a more effective 
response. After a pathogen is recognized as foreign, complement activation as well as 
release of chemotactic mediators from effector cells circulating the blood and residing in 
nearby tissues initiate the inflammatory response (Parham, 2005). Consequent 
vasodilation and increased vascular permeability allow neutrophils and macrophages to 
access the site of infection and assist in the removal of the pathogen through 
phagocytosis. These activated effector cells, in turn, produce and secrete cytokines, 
prostaglandins, and other signaling molecules to further enhance the inflammatory 
process. The removal of microbial products, cellular debris, and mediators from the 
infected site is facilitated via lymphatic vessels that lead to the lymph nodes and other 
secondary lymphoid tissues where the materials are filtered and degraded (Parham, 
2005). When these materials are absorbed into the blood or stimulate sensory nerves, the 
local inflammatory effects are consequently passed on to the whole body. The resulting 
systemic reactions are termed the acute phase response (APR). 
2. 2 Acute phase response 
The APR is an organized response leading the transition from acute, unspecific 
host defense to antigen-specific defense. It is largely mediated by the central nervous 
system with the help of important endogenous cytokines including interleukin-1 (IL-l), 
interleukin-6 (IL-6), and tumor necrosis factor (TNF). The combined effect of these 
proinflammatory cytokines stimulates increased numbers of peripheral white blood cells, 
synthesis of acute phase proteins by the liver, and a number of physiological responses. 
Acute phase proteins help mediate various immune responses and can function as 
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cytokines themselves (Zeisberger, 1999). Physiological reactions that occur during APR 
involve changes in thermoregulation, metabolism, food intake, sleeping and behavioral 
patterns, and activity of the neurological and endocrine systems (Guyton, 2000). These 
reactions contribute to a coordinated and optimized host response against the invading 
pathogen. Fever, however, is identified as the characteristic component of the acute 
phase response and is associated with both humoral and neural regulatory mechanisms. 
2.3 Induction mechanisms 
The febrile response develops in sequential steps (see Appendix A); however, 
exact mechanisms through which fever occurs are incompletely understood. The 
pathway is known to begin with an infectious or inflammatory stimulus that may be 
exogenous or endogenous to the host. The presence of microbes, microbial products, 
such as lipopolysaccharide (LPS), or tissue injury stimulates peripheral effector cells to 
release pyrogenic cytokines. IL-l~. IL-6, and TNF -a are considered pyrogenic cytokines 
because they act on various targets to induce fever. IL-l, for example, is released into the 
bloodstream and transported through the blood-brain barrier to the preoptic-anterior 
hypothalamic area containing the primary thermoregulatory centers. Humoral transport 
of cytokines through the bloodstream is not the only pathway by which peripheral 
immune signals reach the brain. As reviewed by Zeisberger (1999), a number of studies 
suggest cutaneous and vagal afferent nerves also participate in transport of immune 
signals to the thermosensitive areas of the hypothalamus. In any case, prostaglandin-E2 
(PGE2) is released from highly vascular organum vasculosum laminae terminalis 
(OVLT) region in the third ventricle of the brain. PGE2 is another signaling molecule 
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that acts on thermosensitive neurons in the hypothalamus to increase the body's set-point 
temperature above normal. In humans this basal set-point is 37.1 QC (98.6QF). Once the 
febrile state is induced, the body adjusts to the new set-point temperature by inducing 
mechanisms to raise the body's core temperature (Tc). Increased heat production and 
heat conservation are achieved through physiological responses such as contraction of 
skeletal muscles (shivering), cutaneous vasoconstriction, and heat seeking behavior. 
These processes facilitate heat retention and result in an increase in body temperature. 
Multiple negative feedback mechanisms regulate the febrile response (reviewed in Boron, 
2003). 
3. Fever: Harmful or Beneficial? 
The role of fever is an ongoing source of controversy because of its risk/benefit 
relationship to the host. The effects of fever on the outcome of infection are complex and 
difficult to predict but should be analyzed by balancing the harmful effects with the 
beneficial effects (Figure 2). 
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Figure 2. Possible mechanism for protective and harmful effects of fever. Adapted from Hasday et a/. 
(2000). 
3.1 Potentially harmful effects of fever 
During infection, fever may potentially harm the host through two distinct 
mechanisms: tissue ischemia and collateral host injury. Ischemia, or a lack of adequate 
oxygen to tissues, may occur if the increased metabolic demands needed to generate and 
maintain a fever exceed the host's capacities. Fevers are energetically expensive and also 
require increases in both oxygen consumption and cardiac output (Guyton, 2000). 
Schumacker et al. (1987) reported a 20% increase in oxygen consumption when core 
temperature is increased from 38 to 41 OC by externally warming anesthetized, paralyzed 
dogs (as reviewed by Hasday et al, 2000). These cardiopulmonary capacities may be 
limited if the host has an underlying disease. In addition, oxygen delivery to the tissues 
may be further reduced as a result of the decrease in hemoglobin affinity for oxygen that 
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occurs at increased core temperatures. The reduced binding affinity impairs oxygen 
loading in the lungs, and therefore, subsequent delivery of oxygen to essential tissues. 
The risk of collateral tissue damage in the host is also increased during fever in a 
number of ways. For example, exposure to febrile range temperatures may cause an over 
expression of cytokines, which in the case of TNF -a, can induce lethal inflammatory 
responses. The cytotoxicity of TNF -a itself is also enhanced at febrile temperatures and 
can lead to multi-organ failure or conditions such as septic shock (reviewed in Blatteis, 
2003). 
Another potential mechanism contributing to tissue damage in the host occurs at 
temperatures beyond the usual febrile range. Table 1 displays basal and febrile 
temperature ranges for numerous animal species. Although the basal and febrile ranges 
vary between animals, febrile temperatures are generally characterized by a 1.5-5°C 
increase over basal temperature during infection. At extreme temperatures, host cells 
may lose cellular protection normally conferred by heat shock proteins (Hsps). Exposure 
to temperatures beyond the protective heat shock response can lead to denaturing of host 
proteins, reduced cellular function, and life threatening multiple organ injury (Blatteis, 
2003). Collectively, these harmful effects can potentially lead to reduced host survival. 
For ectothermic species, which are unable to internally regulate body temperature and 
must undertake heat-seeking behavior to increase core temperature during fever, there is 
an additional risk of predation that contributes to the reduction in survival as well. 
8 
Animal 
Endotherrns 
Hurn;;tn 
Ho r ~~H 
Doc; 
Pig 
R·.ll 
r:: )use 
Pigeon 
F t.t llthmrns 
References 
~- ·ty~kowia.K .:1n(1 
Boul;cm t 1!19G 
Longworth et 81 1996 
Letv1av et ,:l l ·1 CJ 8G 
Parroit ~ t ,:.) ! 1 : .. Tl 
F<omanov:.;ky et al 
199:: 
Habicht 1981 
Lizarcl D'Aiecy d;:d K!uf; _ r 
1975 
K!uger 1 :·713 
-:d:: .. ·e ~ . :1yhre et al197 7 
froq 
Coki'ist1 Covert and f'<cync·ds 
197? 
Basal Febrile 
temperature temperatme 
("C) ("C) 
3f:.O 31\ .4 
38 1-·3') 2 
:;9.3-·39 9 
3 7 . 9-~-382 
:~ ·_; ,5-31 ,;) 
3SL'l····'D.l 
34 .0 .. ·· 37 .0 
25-28 
:>3.3--39 .3 
39. 3-- 42.? 
105-·-41 .1 
3fl .6- 39.4 
31 8-3H.3 
4 1.0 · !J 1.5 
39·42 
39- 35 
32.7 (mean) 
Table L Basal and febrile range temperatures for a variety of animals. Adapted from Hasday el a/. (2000). 
3.2 Beneficial effects o.ffever 
Although raising core temperature to febrile range temperatures can be harmful in 
some situations, most clinical and animal studies show fever to confer protection. 
Research on how fever influences the outcome of infections demonstrate that fever is 
beneficial to the host by shortening disease duration and improving survival. As 
reviewed by Hasday et a!. (2000), a clinical study assessing children with chicken pox 
found that children who generated a fever experienced a shorter time to total crusting 
than those whose fevers were suppressed with acetaminophen, an anti-pyretic drug. 
Additional studies on individuals with the common cold, reported a prolonged duration of 
rhinovirus shedding associated with suppression of fever (Graham et a!, 1990). These 
studies highlight the beneficial influence of fever on mild, non-life-threatening infections. 
For more severe or life-threatening bacterial infections, fever is also shown to be 
advantageous; however, the effects are less consistent (reviewed in Hasday et al, 2000). 
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Although a direct link between fever and survival has yet to be determined, a 
number of studies have shown a correlation between the occurrence of fever and 
improved survival. For example, in a lethal Herpes simplex-infected mouse model, 
infected mice housed at 38°C for 6 days increased core temperature by 2°C and improved 
survival rate from 0% to 85% versus infected mice housed at 23 to 26°C (as reviewed by 
Hasday and Singh, 2000). Two studies of ectothermic vertebrates reported improved 
survival as a result of increased core temperatures as well. In the desert lizard species 
Diposaurus dorsalis, an increase from 38 to 40°C improves survival from 25% to 67% 
during infection with Aeromonas hydrophila, a Gram-negative pathogen (Kluger et al, 
1975). Goldfish injected with the same pathogen increase core temperature from 28 to 
32.7°C and increases survival from 64% to 100% (Covert and Reynolds, 1977). This 
trend is also found in human models. Bryant eta!. (1971) reported a 2.4-fold increase in 
survival (71% versus 29%) in Gram-negative bacteremia patients who are febrile on the 
day of bacteremia compared to afebrile patients. Similar results were observed m 
patients with polymicrobial sepsis and spontaneous bacterial peritonitis (reviewed m 
Hasday eta!, 2000). 
The relationship between occurrence of fever and improved survival is further 
supported by evidence from studies in which fever was blocked during bacterial 
infections. Bernheim and Kluger (1976) suppressed fever in A. hydrophila-infected 
lizards by administering sodium salicylate, an antipyretic agent. The treatment prevented 
fever in 7 of 12 animals, all of which died; in comparison, all febrile animals survived. 
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However, it should be noted that not all ectotherms generate fever m response to 
pyrogenic stimuli (as reviewed by Blatteis, 2003). 
Other studies show the amount of protection associated with fever is variable. 
Hasday et al. (2000) present a retrospective study of the influence of fever on survival 
during bacterial infection in a comparison of three studies by various authors (Table 2). 
In the case of more severely ill patients, Mackowiak et a!. ( 1980) and Hodgin and 
Sanford (1965) show a reduction in survival when fever exceeds 3 9.4 ° C. In contrast, 
Bryant et a!. (1971 ) report improved survival when core temperature exceeds 39.5°C. 
The data suggest the upper limit of the optimal febrile range is variable, and therefore, 
difficult to predict the extent of influence of fever on survival. 
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Taken together, these studies suggest the overall role of fever as a protective 
mechanism to the infected host. Factors such as age, overall health, and the severity of 
underlying illnesses of the host may influence the effect of fever on survival since the 
factors themselves can be responsible for weak febrile responses and low survival rates. 
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Thus, the value of studies assessing the role of elevated core temperature on the outcome 
of infection must be taken into consideration. 
3. 3 An evolutionary perspective of fever 
Substantial evidence from phylogenetic analysis of fever further supports the view 
of fever as beneficial to the host. A number of immune defense processes have evolved 
to function optimally at febrile temperatures, such as effector cell recruitment and 
migration, lymphocyte binding, antibody production, cytokine expression, etc. These 
enhanced processes increase the effectiveness of pathogen clearance and the immune 
response. Perhaps one of the most solid pieces of evidence is that fever improves 
survival in a number of diverse species against a number of diverse pathogens, as 
previously described. From an evolutionary perspective, fever is thus considered a 
possible survival adaptation mechanism. 
The presence of fever in modern animals from both deuterostome and protostome 
lineage suggests it is a highly conserved process and may have first appeared 
approximately 600 million years ago (Hasday and Singh, 2000). A wide variety of 
species, including mammals, birds, arthropods, and annelids, are able to generate fever 
(Kluger, 1991 ). Although fever is most often associated with endotherms, ectothermic 
species can externally regulate increases in core temperature and generate fever as well. 
Upon injection of lipopolysaccharide (LPS), behavioral fevers were induced in the toad 
species Bufo marinus (Sherman et al, 1991). Heat-seeking behavior and core temperature 
elevation was also seen in reptiles and fish. Kluger et al. (1975) reported an increase in 
core temperature from 38 to 40"C when desert lizards were injected with A. hydrophila 
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and allowed to freely choose their ambient temperature within a 35-50°C gradient 
enclosure. In a similar model, goldfish infected intraperitoneally with the same pathogen 
also preferred warmer environments and consequently increased Tc from 27.9 to 32.TC 
(Covert and Reynolds, 1977). The presence of fever found in such diverse, modern 
animals demonstrates its importance during infection since in most cases, a 1.5-5°C 
increase in Tc is beneficial during infections (as reviewed by Hasday et al, 2000). 
Another strong piece of evidence highlighting the importance of fever 1s its 
evolutionary persistence despite its high metabolic costs. In addition to the increases in 
oxygen consumption and cardiac output during fever, the host's metabolic rate is also 
increased. For example, generating a fever by thermogenic shivering in humans requires 
a 6-fold increase in metabolic rate, while 10-12.5% increases in metabolic rate per OC 
increase in Tc is required to maintain Tc at febrile temperatures (reviewed in Hasday et al, 
2000). For ectothermic animals, there is an additional increase in energy expenditure 
since the animals must move to seek warmer environments to externally regulate the 
increase in core temperature. Mammals that hibernate to counter seasonal changes in 
temperature and energy availability, also undertake high energetic costs during periodic 
arousals that initiate mechanisms to help maintain the host's immune system (i.e. 
pathogen recognition, APR, maintenance of fever, and phagocytosis). Up to 80% of the 
animal's winter energy budget is consumed during these arousals (reviewed in 
Prendergast et al, 2002). In assessing immune function in hibernating and normothermic 
ground squirrels, Prendergast et al. (2002) treated squirrels with intraperitoneal injections 
of LPS and monitored febrile responses. Hibernating squirrels failed to generate a febrile 
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response to LPS until after arousal from hibernation, upon which a response was 
generated within 1 hour and at a magnitude comparable to the 1-l.YC increases in Tc 
generated over 4 hours in normothermic squirrels. Arousal from hibernation, and thus 
restored ability to initiate the APR and maintain fever, allow ground squirrels and 
possibly other hibernating mammals to contend with bacterial and parasitic challenges 
introduced during hibernation periods. Taken together, these studies offer considerable 
evidence that fever is protective to the host since an energetically expensive process is 
not likely be conserved if the results do not benefit and outweigh the costs and risks to 
the host. 
4. Defining a primary role of fever 
Several mechanisms by which fever confers protection have been previously 
described by various authors. Current literature seems to present four primary protective 
mechanisms of fever: 1) direct inhibitory effect on pathogens; 2) induction of 
cytoprotective heat shock proteins in host cells; 3) induction of pathogenic heat shock 
proteins; and 4) enhancement of immunologic processes. The principal role of fever, 
however, has yet to be determined. Through analysis of pathological and physiological 
data from human and animal models addressing each mechanism, this paper proposes the 
enhancement of immunologic processes as the principal role of fever. 
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4.1 Direct effects on pathogen viability 
Heat has a direct inhibitory effect on the pathogenicity of some microorganisms. 
Fever, however, is not likely to confer protection through this mechanism because most 
pathogens have evolved to develop the ability to withstand febrile temperatures. The idea 
that the heat of a fever is advantageous during infection was the basis of Wagner-
Jauregg's work that earned him the 1927 Nobel Prize in Physiology or Medicine. His 
inoculations of neurosyphilis patients with malaria, an infectious febrile disease, 
successfully improved or reversed the patients' state of paralysis upon fever induction 
(Wagner-Jauregg, 1927; Whithrow, 1990). Numerous studies have since elucidated the 
ability of heat from fever to kill invading pathogens in the infected host, including certain 
bacilli, fungi, parasites, and viruses (as reviewed by Blatteis, 2003). This relationship is 
explained by the fact that some microbial pathogens are directly sensitive to heat in 
febrile range temperatures. This is the case for human pathogens such as Neisseria 
gonorrhoeae, Streptococcus pneumoniae, and Mycobacterium leprae (reviewed in 
Hasday and Singh, 2000). Microorganisms that live optimally between 35 and 3TC are 
known to be intolerant to febrile range temperatures between 38 and 41 'C (as reviewed 
by Blatteis, 2003). At elevated temperatures, the toxicity of the heat itself can inhibit 
growth, denature proteins, and eliminate infectious activity of some pathogens. 
Such crippling effects on the invading pathogen contribute to accelerated 
pathogen clearance and shortened disease duration that can ultimately lead to improved 
survival. In 2000, Jiang et al. demonstrated these effects using an experimental bacterial 
peritonitis model. Mice were injected intraperitoneally with a normally lethal dose of 
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Klebsiella pneumoniae bacteria or PBS solution alone as a control. Mice were then 
placed in cages with ambient temperatures of 23 or 35.5 ' C to monitor responses under 
normal and febrile like conditions. Inoculated mice housed at 35.5°C increased Tc from 
37.2 to 39.2 'C within 0.5 hours, whereas inoculated mice housed at 23 'C failed to 
generate a fever over the same period. This indicates increased ambient temperatures are 
capable of inducing the febrile response. In addition, survival among these groups was 
analyzed over a 12-day period and results showed a 0% and 50% survival rate in 
inoculated afebrile mice and inoculated febrile mice, respectively. Taken together, these 
results strongly suggest an association between the induction of fever and improved 
survival. 
Jiang et al. (2000) further demonstrated that the improved survival correlated with 
reduced bacterial loads in febrile mice. Bacterial proliferation was measured in the 
peritoneal cavity, blood, and various organs to determine both quantity and localization. 
In general, bacterial loads were found to be higher in afebrile mice than in febrile mice. 
For example, by 72 hours after inoculation, bacterial loads in afebrile mice were 33-fold 
higher in the kidney, greater than two orders of magnitude higher in the blood and spleen, 
and greater than three orders of magnitude higher in the lung and liver. Bacterial loads 
found in the peritoneal cavity of afebrile mice at 72 h was 2.1 x 10 1° CFU/ml compared 
to the 2.2 x 105 CFU/ml bacterial load in febrile mice. These in vivo results demonstrate 
considerable evidence that fever significantly increases pathogen clearance; however, the 
results do not isolate heat from the fever as the direct cause. 
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To determine if exposure to the higher temperature directly inhibited bacterial 
proliferation, Jiang et al. (2000) cultured bacterial strains of K. pneumoniae in vitro at 37 
or 39.5°C. Results indicated that bacterial growth on agar plates varied very little with 
temperature changes. As shown in Figure 3, growth rates observed over a two-day 
exposure period at 37 and 39.5°C were very similar. These results indicate that bacterial 
proliferation is little affected by temperature changes and suggest that heat does not have 
an inhibitory effect on K. pneumoniae. Similar studies, including that of A. hydrophila 
(Covert and Reynolds, 1977) and E. coli (Mackowiak, 1991 ), suggest that most 
pathogenic bacteria proliferate just as well at febrile temperatures than basal 
temperatures. In line with this notion is the fact that most pathogens whose optimal 
viable temperatures lie within the normal physiologic Tc range of 33-41 OC are typically 
unaffected by febrile core temperatures. Pathogens responsible for the majority of 
natural diseases do not actually induce febrile temperatures that are significant enough to 
cause death of the pathogen itself (Blatteis, 2003). A comparison of temperature ranges 
shown in Figure 4 and Table 1 confirms the overlap between the optimal viable 
temperature of the pathogen and the physiologic Tc range. Taken together, these findings 
illustrate the notion that survival of the infected host is not solely dependent on the killing 
of pathogens by the direct inhibitory effects of the heat of fever. 
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Figure 4. Optimal viable temperatures for various classes of microorganisms. Adapted from Blatteis 
(2003). 
In further examination of bacterial loads in mice that died in their study, Jiang et 
al. (2000) proposed that alternate mechanisms contributed to the deaths of afebrile and 
febrile mice. Among the mice that died, febrile mice exhibited significantly lower 
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bacterial loads in various tissues. Six- to forty-fold decreases in bacterial loads were 
reported for febrile mice in liver, lung, and spleen (Table 4). Jiang et al. proposed that 
death in afebrile mice was caused primarily by overwhelming bacterial infection; 
whereas, collateral damage from host defenses was thought to contribute to the deaths of 
febrile mice. The fact that febrile mice died despite successful pathogen clearance, 
however, suggests that fever does not confer protection through heat's direct inhibitory 
effect on pathogens. Therefore, although heat from fever may directly kill invading 
pathogens, it would not seem to be its primary role. 
i\kbrik 22.0 tJ .O.I 
Febrile .\7 ' 1. 7" 
15.3 :' 6.X 
1.0 , 0.41 
Table 4. Bacterial load at time of death in afebrile and febrile mice. Adapted from Jiang et al. (2000). 
4. 2 Induction of HSP in host cells 
Although heat shock proteins induced during fever provide protection to host 
cells, the induction of heat shock proteins alone is not likely to directly lead to improved 
survival. The heat shock response is a highly conserved process that exists in a wide 
variety of organisms including both plants and animals. Under normal conditions, heat 
shock proteins (Hsps) are present in all cells and participate in normal cellular processes, 
specifically assisting in protein folding and transport. Under stressful conditions, the 
transcription of HSP is upregulated and the Hsps function to maintain protein structure 
and prevent denaturation. Numerous studies have shown Hsps confer protection during 
infection and inflammation. For example, directly increasing intracellular concentrations 
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of Hsps is documented to confer protection against cellular injury from stressors such as 
hypoxia, ischemia, and oxidative injury (reviewed in Hasday and Singh, 2000). As 
reviewed by Hotchkiss et a!. (1993), Hsps have specifically been shown to protect 
isolated cells from the cytotoxic effects of IL-l and TNF -a during septic shock. 
Furthermore, initial Hsps generated during a heat shock response to a non-lethal stress 
increases protection for the host in later, more severe stress conditions. 
Several families of heat shock proteins have also been identified in providing 
protection of essential cellular components under thermal stress. In general, exposure to 
temperatures above the normal physiologic temperature range (42-45"C) induces 
expression of Hsps (reviewed in Hasday et al, 2000). This heat shock response threshold 
range overlaps with febrile range temperatures observed during infection. As a result, 
fever is capable of inducing HSP expression. In this sense, fever's protective role is 
achieved by conferring cellular protection in the host through heat shock protein 
induction. 
In 1993, Hotchkiss et al. based their study on the notion of thermotolerance, in 
which survival is increased upon exposure to lethal hyperthermia if the host is first 
exposed to a moderate heat treatment. Using a mouse endotoxin model, Hotchkiss and 
his colleagues confirmed the beneficial effects of heat treatments on survival in mice 
challenged with Gram-negative endotoxin. Mice were anesthetized and subjected to 
whole body hyperthermia in hot water baths to induce increased core temperatures 
between 42.5 and 43 °C. Between 8-9 hours after receiving heat treatment and recovering 
from anesthesia, mice were injected intraperitoneally with E. coli endotoxin and 
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monitored for survival over 7 days. These heat-treated mice demonstrated a 2-fold 
improvement in survival over sham mice, which were anesthetized but not heat-treated 
(70.1 to 39.3%, respectively), and a 5-fold improvement compared to control mice, which 
were unanesthetized and not heat-treated (70.1 to 13.8%) (Figure 5). These results 
indicate the anesthesia may have conferred protection against the pathogen. Although it 
is unclear how or why exposure to the anesthesia improved survival, further tests 
demonstrated that anesthesia was not necessary for improved survival. In comparison to 
unanesthetized/heat-treated mice, survival still increased for heat-treated/anesthetized 
mice (22.7 vs. 49.2%, respectively) . The positive effect of heat treatments on survival 
time was also demonstrated in a separate group of mice that were injected with endotoxin 
at various time intervals. Mice injected at 1, 2, 12, or 48 hours after heat treatment had a 
68.4, 77.3, 84, and 38% survival, respectively. These results clearly demonstrate a 
correlation between heat treatment and improved survival. 
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Figure 5. Percentage survival of mice injected intraperitoneally with E. coli endotoxin. Number of mice 
in each group is 79 heat shock (mice anesthetized and heat treated 9 h before endotoxin), 61 sham (mice 
anesthetized but not heat treated before endotoxin), and 83 control (mice neither anesthetized nor heat 
treated before endotoxin). Adapted from Hotchkiss et a!, (2003 ). 
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The induction of Hsps in various parts of the body during heat treatments was 
confirmed by Western blot analysis. This induction important because it demonstrates 
the protective heat shock mechanism is widespread in the host. Major inductions of 
HSP72 were detected in the kidney, liver, lung, and gut samples whereas smaller 
inductions were found in the brain, heart, and skeletal muscle (Figure 6). In all organs, 
HSP72 was found to be maximally expressed by 8-12 hours. These results suggest that 
HSP72 was likely already present in heat-treated mice upon injection of endotoxin since 
mice were not injected until 8-9 hours after heat treatment. Conversely, the absence of 
HSP72 induction in non-heat-treated mice offers a possible explanation for the reduced 
survival rates observed in sham and control groups. Taken together, these findings 
illuminate the possible protective effect of HSP72. However, despite its possible 
protective role during febrile like conditions, its induction alone is not likely to be 
directly responsible for improved survival. This notion is further supported by findings 
from a study by Shah et al. (2002) that demonstrated Hsps are involved in protecting 
mechanisms that are may be more directly linked to survival. 
A B c D E F G 
~· 
Figure 6. Detection of HSP72 in various mouse tissues . A, gut; B, lung; C, kidney; D, liver; E, heart; F 
and G, standards. Adapted from Hotchkiss et al. (1993). 
Shah et al. (2002) investigated the maintenance of the major signaling pathway by 
which IL-6 induces the production of acute phase proteins during febrile temperatures. 
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IL-6 is an endogenous pyrogen and is known to use the JAK-STAT3 signaling pathway 
(Janus kinase-signal transducer and activator of transcription 3) to enhance acute-phase 
protein gene expression in hepatocytes. Upon activation during the acute phase response, 
liver cells increase synthesis and secretion of plasma acute phase proteins such as 
complement factors and clotting factors that help participate in immune responses. 
Because HSP90 was previously identified to be a ST A T3 accessory protein, the 
relationship between HSP90 expression and the ability of IL-6 to activate STAT3 was 
investigated. 
Shah et al. (2003) examined expression of HSP90 to determine if HSP90 played a 
role in preserving the JAK-STAT3 pathway. Cultures of human hepatocyte cells were 
maintained at 37 or 39SC to induce HSP90 expression at normal and febrile 
temperatures. Western blot analysis data showed increased upregulation of HSP90 at 
39.5"C. Upon confirming the expression of HSP90 at febrile temperatures, Shah et al. 
used an inhibitor to determine the effects of HSP90 on the maintenance of the signaling 
pathway during elevated temperatures. The HSP90 inhibitor, GA, was applied to 
hepatocyte cultures, and cultures were then analyzed for IL-6 inducibility of ST A T3 
signaling. IL-6 inducibility was assessed by measuring enzymatic luciferase activity 
linked to a reporter construct containing several STA T3 binding domains. Results 
showed that inhibition of HSP90 reduced IL-6-induced STAT3 signaling by 4-fold at 
3TC. In contrast, at 39.5"C, the inhibition of HSP90 resulted in a 10-fold reduction 
(Figure 7). These results not only demonstrate the importance of HSP90 in the IL-6-
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induced pathway at normal temperatures, but also highlight HSP90's significant role in 
protecting the pathway at febrile temperatures. 
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Figure 7. Effect of HSP90 inhibitor on IL-6-induced STA T3 signaling at normal and febril e temperatures. 
A and B, luciferase activity in cells treated with IL-6 alone at 3TC or 39.5'C; B', normalized data to the 
luciferase activity at 39.5' C. Adapted from Shah eta!. (2002). 
It appears that although Hsps may exhibit protective effects during febrile range 
temperatures, heat shock protein induction alone is not responsible for improved survival. 
Although the study conducted by Shah et al. did not examine survival, the findings 
suggest that the expression of HSP90 during febrile conditions may contribute to 
improved survival by protecting a major signaling pathway that activates immune 
defenses. For instance, at elevated temperatures, it is necessary for liver cells to preserve 
their ability to respond to IL-6 signaling in order for proper immune responses to 
develop. In the absence of HSP90, the signaling pathway responsible for inducing the 
synthesis of acute phase proteins is significantly reduced. This reduction may negatively 
affect the subsequent immune responses by further reducing the strength and/or delaying 
the response time. This reduction and delay of immune defenses would more likely 
influence the outcome of infection and host survival. In this sense, expression of Hsps 
would seem to have an indirect effect on improved survival in the infected host. 
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Therefore, induction of cytoprotective Hsps in the host would not appear to be the 
principal role of fever. 
4. 3 Induction ofpathogenic HSP generation 
Fever also protects the infected host by inducing pathogens to generate heat shock 
proteins. Even though bacterial heat shock proteins may provide an early signal to 
activate host defenses, they are not likely responsible for the complete initiation of 
Immune responses. At febrile range temperatures, pathogens increase synthesis and 
release of bacterial heat shock proteins (hsps). The presence of these extracellular 
pathogenic hsps serve as a powerful signal to activate host defenses since heat shock 
proteins are normally located inside cellular compartments. In terms of pathogen 
viability, these findings appear to be contradicting since it would seem highly 
disadvantageous for a pathogen to express surface hsps that activate immune defenses. 
The explanation remains unclear; however, in vitro tests have demonstrated that many 
hsps are cell-free or expressed on surfaces of bacterial cells (Frisk et al, 1998). Studies 
have identified bacterial heat shock proteins, namely of the hsp60 class, to activate T 
cells, 8 cells, and antibodies (as reviewed by Retzlaff et al, 1994). These molecules are 
involved in the antigen-specific immune responses of adaptive immunity and their 
activation significantly contributes to the success of the outcome of infection. In 1994 
and 1996, studies by Retzlaff et al. and Verdegaal et al. , respectively, demonstrated that 
the expression of bacterial hsps induced during febrile temperatures is also advantageous 
to the hosts' immune response by activating components of innate immunity and an 
earlier response. 
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To reveal potential effects of bacterial hsp induction on actors of the innate 
immune response, Retzlaff and his colleagues investigated the ability of hsps to induce 
cytokine expression in macrophages. Various bacterial hsps were examined, including 
Legionella pneumophila hsp60 (Lp-hsp60), E. coli GroEL, Mycobacterium tuberculosis 
hsp70 (Mt-hsp70) or Mt-hsplO, Mycobacterium leprae hsp65 (Ml-hsp65), and 
Mycobacterium bovis BCG hsp65 (Mb-hsp65). Mouse macrophages were cultured with 
hsps from different bacteria for 3 hours and then analyzed for cytokine mRNA by RT-
PCR. Results showed cellular mRNA levels of various cytokines increased by 
stimulation with Lp-hsp60, GroEL, Mt-hsp70, Ml-hsp65, and Mb-hsp65 (Figure 8). To 
confirm that this increased cytokine induction by hsps in fact translated to functional 
cytokine secretion by macrophages, Retzlaff et al. examined the bioactivity of the 
cytokine, IL-l. Bioactivity of IL-l in macrophage supernatants significantly increased 
with stimulation by all hsps except Mt-hsp 10, which exhibited only a slight increase. 
These findings demonstrate bacterial hsps from various hsp families can induce both 
cytokine production and secretion by macrophages. The actual secretion of cytokines by 
macrophages is essential for the activation of additional components in the cascade of 
immune responses. Furthermore, since the amino acid homology between hsplO, -60, 
and -70 families was known to be relatively low, the ability of macrophages to bind all 
hsp types suggests that the specificity of macrophage surface receptors is broad. This 
highlights the importance and possible direct role of fever-induced bacterial hsps in 
regulating immunity in the infected host. The prompt and direct induction of cytokines 
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helps the infected host by possibly providing an early signal for activation of innate 
immunity and th acute-phase respon e. 
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Figure 8. Hsps increase cellular steady-state levels of cytokine mRNA in macrophages. Cultures were 
treated with tissue culture medium (control), E. coli LPS, or bacterial hsp, and then subjected to RNA 
extraction and RT -PCR amplification. Adapted from Retzlaff et al. (1994). 
V erdegaal and colleagues (1996) demonstrated that bacterial hsps also modulate 
innate immunity responses by affecting recruitment of white blood cells, or leukocytes, to 
the infected site. In their investigation of mycobacterial hsp65, Verdegaal et al. 
demonstrated the ability of hsp65 to alter the adhesiveness of endothelial cells (EC) for 
monocytes and granulocytes. During the inflammatory response and early stages of 
infection, increased vasodilation and vascular permeability facilitates the recruitment of 
such leukocytes to the site of infection where they can exert their ability to directly kill 
pathogens. However, the extravasation of leukocytes from the bloodstream into the 
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tissues IS a complex process that involves a senes of specific binding interactions 
between proteins on the surfaces of the leukocytes and EC. An increased adhesiveness of 
EC for leukocytes would facilitate the extravasation process and likely enhance pathogen 
clearance by increasing the number of leukocytes able to uptake pathogens by 
phagocytosis. Verdegaal et al. tested the effect of hsp65 on the adhesive properties of 
endothelial cells by stimulating EC with or without hsp65 and incubating them with 
granulocytes and monocytes at 3TC. Results showed incubation of EC with hsp65 
increased leukocyte adhesion m a concentration-dependent manner (Figure 9), 
demonstrating a strong influence of hsp65 on EC adhesiveness. More specifically, the 
adhesiveness of EC for monocytes and granulocytes was reported to increase 3.3- and 
21.4-fold, respectively. This dramatic increase is beneficial in the early stages of 
recruiting leukocytes to sites of infection. 
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Figure 9. Dose dependence ofhsp65-induced adhesiveness ofEC for monocytes (A) and granulocytes (B). 
Single layers of EC were incubated with increasing concentrations of hsp65 for 4 hours at 37°C. The 
adhesion of leukocytes to EC was determined using a myeloperoxidase (MPO) assay. Adapted from 
Verdegaal et al. (1996). 
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Verdegaal et a!. further examined the effect of hsp65 on the expression of various 
adhesion molecules on endothelial cells to confirm direct effects of the hsp on EC 
adhesiveness. Flow cytometric analysis revealed that expression of certain adhesion 
molecules on EC were up-regulated or increased after stimulation of EC with hsp65 . 
These molecules included CD62E (E-selectin), CD106 (VCAM-1 ), and CD54 (ICAM-1), 
all of which are required for successful interaction with the leukocyte during binding and 
migration across the endothelium. The increased induction of these molecules by hsp65 
supports its direct role in influencing EC adhesiveness for leukocytes. In addition, 
Verdegaal et al. found that the mechanism by which granulocytes adhered to EC not only 
involved the induction of CD62E but also involved morphological stretching of the 
granulocytes. These findings demonstrate the direct abilities of hsp65 to induce changes 
in both EC and leukocytes that ultimately lead to increased numbers of leukocytes 
present in the tissues to fight infection. In this sense, hsp65 signals immune defenses by 
playing a role in the recruitment of leukocytes to the infection site by altering the 
adhesive properties of EC. 
The findings in these two studies show how the expression of bacterial hsps can 
act as a potent signal to activate components of the innate immune response. By inducing 
mechanisms such as increased cytokine release by macrophages and leukocyte 
recruitment through increased EC adhesiveness, hsps confer protection to the host by 
providing an early signal to stimulate immunologic processes. Despite the obvious 
beneficial effects of an early response, the bacterial hsp signal alone is not likely to be 
responsible for the initiation of immune responses. Other components of innate 
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immunity, such as complement proteins and inflammatory mediators, are endogenous to 
the host's body and begin signaling immune defenses immediately upon infection. More 
importantly, these processes are stimulated and maintained at both normal and febrile 
range temperatures. Because hsps are only induced at febrile temperatures, it would be 
highly inefficient and disadvantageous to the host if early immune defenses could only be 
initiated at elevated temperatures. Therefore, the signal to immune defenses provided by 
bacterial hsps is more likely to simply contribute to the cascade of immune responses 
during i1mate immunity and the acute-phase response or possibly a positive feedback 
mechanism. In either case, the complementary roles suggest the induction of pathogenic 
hsps is not likely the primary role of fever. 
4. 4 Enhanced Immunologic Mechanisms 
The activation of most host defenses is dependent on an activated immune system 
to fight infection. Thus, the influence of heat and fever on immune responses is very 
important to the outcome of infection. Febrile range temperatures have been documented 
to enhance a growing number of immune functions including lymphocyte proliferation 
and cytotoxicity, neutrophil and dendritic cell migration, and production and activity of 
cytokines (Table 5). Although these effects are not definitively linked to host survival 
during infection, the evidence strongly suggests fever positively influences the outcome 
of infection by orchestrating and optimizing the immune responses. 
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Enhanced neutrophil and monocyte motility and emigration 
Enhanced phagocytosis and pinocytosis 
Increased oxygen radical production by phagocytes 
Increased interferon (IFN) production 
Increased antiviral, antitumor, antiproliferative, and NK 
cell-stimulating activities of IFN 
Increased T -helper cell activation, expression, recruitment, 
and cytotoxic activity 
Increased antibody production 
Increased T-cell proliferative response to nonspecific 
mitogens, IL-l, and IL-2 
Increased killing of intracellular bacteria 
Increased bactericidal effect of antimicrobial agents 
Table 5. Summary some of the immunological benefits of fever. Adapted from Blatteis (2003). 
One of the essential components for survival during acute infections is immune 
response signaling by proinflammatory cytokines. Several studies have investigated the 
effects of fever on cytokine expression. In 1999, Jiang et al. studied the influence of 
elevated core temperature on expression of cytokines in aLPS-challenged, temperature-
clamped mouse model. Anesthetized mice were immersed in warm water baths to 
increase core temperature from basal range (36.5-37.5°C) to febrile range temperatures 
(39.5-40°C) and injected intraperitoneally with a dose of lipopolysaccharide (LPS), the 
major cell-surface component of Gram-negative bacteria.. Results showed febrile 
temperatures significantly influenced cytokine expression. For example, in warmer mice, 
peak plasma TNF-a and IL-6 levels increased by 4.1- and 2.7-fold, respectively (Figure 
10, A and D). The peak plasma levels of TNF -a and IL-6 were also shown to increase in 
a dose-dependent manner with increasing concentrations of LPS (Figure 10, B and E). 
These results are significant because increased levels of TNF-a and IL-6 positively 
influence the magnitude of the acute phase response. Increased signaling enhances the 
APR through multiple mechanisms such as increasing the number of blood leukocytes 
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available for pathogen phagocytosis, activating complement mechanisms, and initiating 
the adaptive immune response. These processes help contribute to a more successful 
immune response and positive outcome after infection. 
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Figure 10. Effects of temperature on plasma TNF -a and IL-6 concentrations in LPS-challenged mice. 
Kinetics ofTNF-a expression (A) and IL-6 expression (D); LPS dose response for plasma TNF-a (B) and 
IL-6 expression (E). Adapted from Jiang et al. ( 1999). 
Biphasic expression of circulating IL-l~ was notably different as well. IL-l~ is a 
proinflammatory cytokine specifically responsible for activating vascular endothelium 
and lymphocytes to promote trafficking to infected tissues. Under normal conditions at 
3TC, IL-l~ is expressed at 1 and 4 hours after exposure to LPS. In febrile mice, the 
duration of the first peak was shorter, and the expression of the second peak was delayed 
(Figure 11). This change is important because it offsets IL-l~ expression with TNF -a 
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expressiOn. This separation successfully eliminates the potentially harmful effects of 
TNF-a and IL-lP coexpresswn, such as tissue mJury. Collectively, these results 
demonstrate fever not only influences cytokine expression to help promote vanous 
Immune responses during infection but also helps reduces the risk of host injury by 
preventing simultaneous expressiOn of TNF -a and IL-l p. In this sense, enhanced 
cytokine signaling during fever is beneficial because it influences multiple mechanisms 
that improve the infected host's survival rate. 
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Figure 11. Effects of temperature on plasma IL-l~ concentration in LPS-challenged mice. Adapted from 
Jiang et a!. ( 1999). 
Other studies have documented fever to enhance Immune functions of other 
components of the innate Immune response as well. For example, m murme 
macrophages, febrile range temperatures increase phagocytosis and pinocytosis (as 
reviewed by Hasday and Singh, 2000). Most immune benefits of fever, however, relate 
to adaptive immune responses. Although fever is generally associated with the acute 
phase response of innate immunity, the duration of fever typically extends into responses 
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of adaptive immunity as well. As a result, it is highly reasonable the fever is beneficial to 
the components of adaptive immunity. 
One of the adaptive immune response events enhanced during fever is T-cell 
activation. T -cell activation is one of the major elements involved in initiating the 
adaptive immune response. T cells promote immune responses involving effector cells 
and antibodies that are also essential in the recovery from infection. Activation ofT cells 
occurs in secondary lymphoid tissues where macrophages or dendritic cells present na'ive 
T cells with pathogen-specific antigens. This antigen presentation process causes T cells 
to proliferate and differentiate into effector T cells specific to the antigen and capable of 
targeting or killing the invading pathogen. The effects of fever on this process was 
investigated by Mullbacher in 1984. 
Mullbacher used an in vitro model to demonstrate that febrile temperatures 
influence the effectiveness of the response of cytotoxic T cells specific for influenza 
virus. T cells specific for influenza were cultured with spleen cells infected with the 
influenza virus. Microcultures were maintained at 37 and 39°C and measured for lysis of 
target cells as an indicator ofT -cell cytotoxicity. Results indicated higher percent lysis of 
target cells at 39°C over days 3, 4 and 5 compared to those at 3TC (Figure 12). 
Increased lytic activity was also shown to occur earlier in 39°C cultures over days 3-5. 
These results indicate increased generation and activity of T cells. The earlier and 
elevated levels ofT -cell cytotoxic activity were reported to be a result of an accelerated 
generation of T cells rather than increased antigen recognition. In another words, 
elevated temperatures appear to enhance the overall effects of T -cell cytotoxicity by 
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increasing the number of cytotoxic T cells rather than enhancing the ability ofT cells to 
kill. This was confirmed with analysis of target cell killing at normal and febrile 
temperatures. When influenza-immune T cells were tested on infected and uninfected 
target cells, no significant difference in cell lysis was detected between cultures at 37 and 
39°C. Overall, the demonstrated increase in T-cell generation contributes to more 
effective pathogen clearance by increasing overall T -cell cytotoxic activity as well as 
other T-cell mediated immune processes. The benefit of fever early in infection may 
enhance the effects of these mechanisms and lead to a more successful immune response. 
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Figure 12. Generation of influenza-immune T cells in microcultures at 37 (open bars) or 39°C (shaded 
bars) Individual wells were tested for cytotoxicity on infected target cells. Adapted from Miillbacher 
(1984). 
Febrile range temperatures are also associated with enhancement of the immune 
response through augmentation of lymphocyte recruitment to tissues . Similar to the 
leukocyte extravasation during innate immunity, recruitment of lymphocytes to infected 
tissues also involves a complex binding process. Wang et al. (1998) examined the effects 
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of fever-range temperatures on this binding process by analysis of lymphocyte adhesion 
to vascular endothelium in vitro. 
In the adhesion assay, human peripheral blood lymphocytes (PBL) were overlaid 
onto frozen sections of mouse lymph nodes and assessed for lymphocyte binding to the 
specialized region of endothelium in lymph nodes, known as high endothelial venules 
(HEY). Figure 13 illustrates the differences in lymphocyte binding to HEY when 
lymphocytes were incubated at 3 7 or 40°C. Quantification of the results revealed 
incubation of lymphocytes at 40°C increased interactions between lymphocytes and HEY 
by nearly 100%. This increased binding implies the importance of febrile range 
temperatures in directing and increasing cell migration into tissues. In this case, 
migration of lymphocytes into secondary lymphoid tissues is advantageous to the 
infected host by increasing adaptive immune responses. For example, in addition to T-
cell activation, B cells are also activated to proliferate and differentiate in secondary 
lymphoid tissues and can secrete antibodies to help fight infection. 
Wang et al. further demonstrated that febrile range temperatures increased 
lymphocyte-HEY interactions specifically through enhanced function of L-selectin. 
Pritchard et al. (2003) also confirmed increased L-selectin function in response to fever-
range thermal stress in spleen. These findings reveal how heat is an essential component 
in regulating the molecular adhesion events that control lymphocyte trafficking. The 
improved ability of L-selectin to bind to HEY is valuable because it facilitates the initial 
binding attachment necessary for lymphocyte migration into secondary lymphoid tissues. 
Taken together, these findings suggest that fever plays an important role in producing an 
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efficient immune response by amplifying the L-selectin-dependent mechanism that 
assists the movement of lymphocytes out of circulation and into tissues to fight infection. 
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Figure 13. Fever-range temperatures enhance L-selectin-dependent adhesion of human peripheral blood 
lymphocytes to lymph node HEY in vitro. Cultures were incubated at (a) 37 or (b) 40°C. Adapted from 
Wang eta!. (1998). 
Another immune response enhanced with febrile range temperatures is the 
neutralizing capacity of antibodies. Delaet and Boeye (1993) identified 3 out of 36 types 
of monoclonal antibodies (MAbs) tested to have increased poliovirus-neutralizing 
abilities at elevated temperatures. Delaet and Boeye incubated mouse MAb 35-lf4 with 
poliovirus at 37 or 39°C. Results showed the antibody neutralizing power was enhanced 
at 39°C, and further analysis demonstrated that the neutralization observed at 39°C was 
irreversible. At 37°C, acidic treatment of neutralized poliovirus reverses the process and 
enables the virus to regain infectious ability. Citric acid treatment at 39°C failed to 
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restore infectious ability of the virus normally observed with acid treatment at 37°C 
(Figure 14). Although only a minority of the tested antibodies demonstrated irreversible 
neutralization by aggregation, the results suggest febrile temperatures may activate a 
highly efficient virus-killing mechanism that does not exist at normal body temperature. 
The molecular basis behind the mechanism remains unclear; however, it is possible that 
temperature destabilizes the virion, or complete viral particle consisting of the nucleoid 
and capsid. 
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Figure 14. Reversibility of neutralization by four MAbs at 37 or 39°C. Adapted from Delaet and Boeye, 
(1993). 
The aforementioned studies clearly demonstrate how fevers are beneficial in 
orchestrating immune responses. Current literature confirms that most immunological 
mechanisms are in fact enhanced or improved to benefit the host at elevated 
temperatures. The temperature-dependent enhancements of various immune functions 
suggest that increased core temperature during fever offers an optimal thermal 
environment for antimicrobial host defense mechanisms to operate in. The large number 
of diverse and complex immune functions positively affected by febrile temperatures 
underscores the significance and benefit of fever during infection. Taken together, this 
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evidence suggests the primary role of fever is to optimize the coordination of signaling 
and interactions between immune components in order to provide an enhanced, more 
potent immune response to combat infection. In addition to the evidence provided in 
previous sections, this hypothesis is further supported by the fact that among the other 
protective mechanisms of fever, enhancement of immune responses likely confers the 
most protection to the infected host and overall contribution to improved survival. 
5. Discussion 
Fever is one of the body' s most distinct signs of infection and is among the 
various, complex host defense responses to infection. Although the febrile response is 
identified as a physiological response to infection and highly regulated by both peripheral 
and central mediators, the exact role of fever remains unclear. 
Assessing the risk/benefit relationship of fever to the host is complicated. 
Separating the effects due to the heat element alone from other variables that also occur 
during the febrile response is difficult. This is partly due to the fact that many of the 
physiological, neurological, and immunological events occurring during fever utilize the 
same mediators. Another difficult task in assessing the influence of fever on the host is 
determining the influence of the beneficial and harmful effects on survival. In the case of 
K. pneumoniae-infected mice, death in febrile animals was attributed to collateral damage 
from host defenses whereas death in afebrile animals was caused by overwhelming 
bacterial infection (Jiang et al, 2000). In other cases, increasing core temperatures were 
shown to reduce bacterial proliferation but also reduce host survival in some cases 
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(reviewed in Blatteis, 2003). The direct link between fever and host survival has yet to 
be determined; however, substantial evidence supports the role of fever as protective to 
the host rather than injurious. 
As discussed, there are several possible mechanisms of fever-induced protection. 
The febrile component of fever acts on both the invading pathogen and the host defense 
mechanisms. The heat element of fever is shown to directly inhibit pathogen viability 
and to induce expression of pathogenic heat shock proteins, which are potent stimulators 
of host defenses. Increased core temperatures during fever also directly activate host 
defense mechanisms such as the heat shock response, which generates heat shock 
proteins to protect essential cellular components in the host. Although each of these 
mechanisms is beneficial to the host, they are not likely to be the primary role of fever for 
various reasons, as discussed. 
The wide range of immunologic mechanisms enhanced as a result of elevated 
temperatures during fever is clearly beneficial to the host. However, not all immune 
functions are enhanced at increased temperatures. A small number of immune 
mechanisms are reported as weakened or reduced in the febrile range. For example, at 
febrile temperatures, neutrophil chemotaxis is not enhanced, and the bactericidal 
capacities of neutrophils are only weakly and inconsistently augmented (reviewed in 
Hasday and Singh, 2000). The cytotoxic activity of natural killer cells is also reduced 
rather than increased during febrile temperatures (reviewed in Blatteis, 2003). Despite 
fever's negative influence on these processes, the resulting effects would not seem to 
confer harm to the infected host nor disrupt the overall immune response. Taken 
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together, these variable responses during fever appear to suggest that the effects of 
elevated temperatures on immunological processes are function-specific or cell-specific. 
The considerable amount of evidence supporting the mechanism that fever 
provides benefit by enhancing immune functions, suggests the principal role of fever is to 
orchestrate enhanced immune responses. This enhancement is undoubtedly beneficial to 
the host by producing a focused and more potent response against infection. Fever's 
ability to optimize the interactions between various immune components results in an 
increased effectiveness of certain selective and adaptive immune responses. In this 
context, it is significant that fever also provides an optimal thermal environment for 
timely and appropriate expression of the immune factors that also are responsible for the 
most effective antimicrobial host defense, TNF-a, IL-l p, and IL-6. 
The present hypothesis offers intriguing implications in terms of clinical 
relevance and treatment of infectious illnesses. The use of antipyretic drugs such as 
acetaminophen, ibuprofen, and other pharmaceuticals during infection to suppress fever 
would appear to negate fever's purpose of generating an orchestrated and optimized host 
response. Indeed, current research suggests allowing fever to run its natural course in 
relatively healthy individuals in order to benefit from the enhanced immune responses. 
Another interesting approach involves using the febrile response to treat diseases. 
Although not a very widely accepted or pursued form of therapy in humans, fever has 
been used to treat cancer in animal models. Studies have reported that fever-range whole 
body hyperthermia (6 h, 40°C) increases efficacy in tumor treatments, especially when 
paired with chemotherapy and immunotherapy treatments (as reviewed by Wang et al, 
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1998). Fever-range whole body hyperthermia (9 h, 39.5°C) is also shown to induce an 
anti-tumor response involving NK cells (as reviewed by Wang et al, 1998). 
Since much about fever and the direct mechanisms by which increasing core 
temperature improves survival remains unknown, the primary role of fever proposed in 
this paper is one hypothesis among many. More studies investigating the various 
components and aspects of fever will continue to provide missing pieces of information 
and help provide a more detailed and comprehensive understanding of fever. 
Additionally, since fever is a highly conserved evolutionary process and can be studied in 
a wide range of modern species, more studies in both familiar and unfamiliar animal 
models should be conducted to identify differences and similarities within the febrile 
mechanisms of various species. For instance, there is relatively little information on how 
fever is generated and maintained in arthropods as well as many other ectothermic 
species. Although more information on the febrile response and its effects on infectious 
pathogens m vanous animals may contribute to an enhanced overall understanding, 
findings must be interpreted and applied across species with caution. Future 
investigations of the febrile response under more standard and consistent conditions will 
also help facilitate the practical and theoretical applications of results to other studies. 
For example, it is often difficult to interpret the value of results from in vitro and in vivo 
studies because of the use of various parameters to induce the febrile response, e.g., 
anesthetized models, whole-body hyperthermia, LPS-injection, viral injection, etc. 
Finally, research on fever and its associated immune responses and neurological control 
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mechanisms should be further expanded because of the numerous possible 
pharmaceutical and clinical applications, as previously mentioned. 
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Appendix A 
Fever induction pathway caused by infection. Adapted from Widmaier eta!. (2006) 
J_: .y 
Macrophages 
Secrete 
endogenous pyrogens 
I!L-1, IL-6. ? others) 
infection 
Macrophages 
Secrete 
endogenous pyrogens 
(IL-1, IL-6, ? others) 
' Firing oi neural 
receptors · Plasma IL-1 . IL-6. ? others 
Vagus 
'ierve 
r(~ .. . ~lc dt: .~ l:.L' n:.."",.-; 
· Temperature setpoint 
Systemic 
circu!atiO'! 
Curl up, 
put on clothes 
Sh;vering and blankets 
i Vasoconstriction 
· Heat production . Hec:H 1oss 
!-!eat production greater than heat loss 
Heat retention 
Body temperature 
45 
References 
Appenheimer, M.M., Chen, Q., Girard, R.A., Wang, W-C., Evans, S.S. (2005). 
Impact of Fever-Range Thermal Stress on Lymphocyte-Endothelial Adhesion and 
Lymphocyte Trafficking. Immun. Invest . 34:295-323. 
Blatteis, C.M. (2003). Fever: pathological or physiological, injurious or beneficial? 
J Thermal Biol. 28: 1-13. 
Blatteis, C.M. (2004). The cytokine-prostaglandin cascade in fever production: fact 
or fancy? J Thermal Biol. 29: 359-368. 
Blatteis, C.M. 2006. Endotoxic fever: New concepts of its regulation suggest new 
approaches to its management. Pharmacology Therap. (In press). 
Blatteis, C.M., Li, S., Li, Z., Feleder, C., Perlik, V. (2005). Cytokines, PGE2 and 
endotoxic fever: a re-assessment. Prostag. Lip. Mediators . 76: 1-18. 
Boron, W.F., Boulpaep, E.M. Medical Physiology: A Cellular and Molecular 
Approach, 1st edition, Saunders, 2003. 
Bryant, R.E., Hood, A.F., Hood, C.E., Koenig, M.G. (1971). Factors affecting 
mortality of Gram-negative rod bacteremia. Arch. Intern. Med. 127: 120-128. 
Covert, J.B., Reynolds, W.W. (1977). Survival value of fever in fish. Nature. 267: 
43-45. 
Delaet, I., Boeye, A. ( 1993 ). Monoclonal antibodies that disrupt poliovirus only at 
fever temperatures. J Virology. 67: 5299-5302. 
Di, Y.-P., Repasky, E.A., Subjek, J.R. (1997). Distribution of HSP70, protein 
kinase C, and spectrin is altered in lymphocytes during a fever-like hyperthermia 
exposure. J Cell. Physiol. 172: 44-54. 
Ensor, J.E., Crawford, E.K., Hasday, J.D. (1995). Warming macrophages to febrile 
range destabilizes tumor necrosis factor-a mRNA without inducing heat shock. 
Cell Physiol. 38: Cll40-1146. 
Frisk, A., Ison, A., Lagergard, T. (1998). GroEL heat shock protein of Haemphilus 
ducreyi: Association with cell surface and capacity to bind to eukaryotic cells. 
Infect. Immun. 66: 1252-1257. 
Graham, N.M.H., Burrell, C.J., Douglas, R.M., Debelle, P., Davies, L. (1990). 
Adverse effects of aspirin, acetaminophen, and ibuprofen on immune function, 
viral shedding, and clinical status in rhinovirus-infected volunteers. J. Infect. Dis. 
162: 1277-1282. 
Guyton, A. C., Hall, J.E. Textbook of Medical Physiology, 1 01h edition, Saunders, 
2000. 
Hasday, J.D., Fairchild, K.D., Shanholtz, C. (2000). The role of fever in the 
infected host. Microbes Infect. 2: 1891-1904. 
Hasday, J.D., Garrison, A., Singh, I.S., Standiford, T., Ellis, G.S., Rao, S., He, J-
R., Rice, P., Frank, M. (2003). Febrile-range hyperthermia augments pulmonary 
neutrophil recruitment and amplifies pulmonary oxygen toxicity. Am. J Path. 
162: 2005-2017. 
46 
Hasday, J.D., Singh, I.S. (2000). Fever and the heat shock response: distinct, 
partially overlapping processes. Cell Stress Chaperones. 5: 471-480. 
Hotchkiss, R., Nunnally, 1., Lindquist, S., Taulien, J., Perdrizet, Karl, I. (1993). 
Hyperthermia protects mice against the lethal effects of endotoxin. Am. J 
Physiol. 265: R1447-R1457. 
Jiang, Q., Cross, A.S., Singh, I.S., Chen, T., Viscardi, R.M., Hasday, J.D. (2000). 
Febrile core temperature is essential for optimal host defense in bacterial 
peritonitis. Infect. Immun. 68: 1265-1270. 
Jiang, Q., Detolla, L., Singh, I.S., Gatdula, L., Fitzgerald B., van Rooijen, N., 
Cross, A.S., Hasday, J.D. (1999). Exposure to febrile temperature upregulates 
expression of pyrogenic cytokines in endotoxin-challenged mice. Am. J Physiol. 
276: R1653-R1660. 
Kluger, M.J., Ringler, D.H., Anver, M.R. (1975). Fever and survival. Science. 188: 
166-168. 
Miillbacher, A. ( 1984 ). Hyperthermia and the generation and activity of murine 
influenza-immune cytotoxic T cells in vitro. J Virology. 52: 928-931. 
Parham, P. The Immune System, 2nd edition, Garland Science, 2005. 
Pritchard, M.T., et al. (2004). Protocols for stimulating the thermal component of 
fever: preclinical and clinical experience. Methods. 32: 54-62. 
Prendergast, B.J., Freeman, D.A., Zucker, 1., Nelson, R.J. (2002). Periodic 
arousal from hibemation is necessary for initiation of immune responses in 
ground squirrels. Am. J Physiol. Regulatory Intergrative Camp. Physiol. 282: 
R1054-R1062. 
Retzlaff, C., Yamamoto, Y., Hoffman, P.S., Friedman, H., Klein, T. (1994). 
Bacterial heat shock proteins directly induce cytokine mRNA and interleukin-1 
secretion in macrophage cultures. Infect. Immun. 62: 5689-5693. 
Roberts, N.J., Steigbigel, R.T. (1977). Hyperthermia and human leukocyte 
functions: Effects on response of lymphocytes to mitogen and antigen and 
bactericidal capacity of monocytes and neutrophils.Jnfect. Imm. 18: 673-679. 
Shah, M., Patel, K., Fried, V.A., Sehgal, P.B. (2002). Interactions of STAT3 with 
caveolin-1 and heat shock protein 90 in plasma membrane raft of cytosolic 
complexes. J Bioi. Chern. 277: 45662-45669. 
Sherman, E., Baldwin, L., Fernandez, G., Duerell, E. (1991). Fever and thermal 
tolerance in the toad Bufo marinus. J. Therm. Bioi. 16: 297-301. 
Verdegaal, M.E., Zegveld, S.T., van Furth, R. (1996). Heat shock protein 65 
induces CD62e, CD 106, and CD 54 on cultured human endothelial cells and 
increases their adhesiveness for monocytes and granulocytes. J Immunology. 
157: 369-376. 
Vybiral, S., Barczayova, L., Pesanova, Z., Jansky, L. (2005). Pyrogenic effects of 
cytokines (IL-l p, IL-6, TNF-u) and the mode of action on thermoregulatory 
centers and functions. J Thermal Biol. 30: 19-28. 
Wang, W-C., Goldman, L.M., Schleider, D.M., Appenheimer, M.M., Subjek, 
J.R., Repasky, E.A., Evans, S. (1998). Fever-range hyperthermia enhances L-
47 
selectin-dependent adhesion of lymphocytes to vascular endothelium. J 
Immunology. 160: 961-969. 
Ward, P.A., Lentsch, A.B. (1999). The acute inflammatory response and its 
regulation. Arch. Surg. 134: 666-669. 
Werner-Jauregg, J. (1927). The treatment of dementia paralytica by malaria 
inoculation. In: Nobel Lectures: Physiology or Medicine, 1922-1941. 
Whithrow, M. (1990). Wagner-Jauregg and fever therapy. Med. Hist. 34: 294-310. 
Widmaier, E.P., Raff, F., Strong, K.T., Vander's Human Physiology: The 
Mechanisms of Body Function, 1oth edition, McGraw Hill, 2006. 
Wikipedia contributors. "Fever," Wikipedia, The Free Encyclopedia, 
http://en.wikipedia.org/w/index.php?title=Fever&oldid=36305534 (accessed 
January 24, 2006). 
Zeisberger, E. (1999). From humoral fever to neuroimmunological control of fever. 
J Thermal Bioi. 24: 287-326. 
48 
